Aluminum electrolytic capacitors have high capacitance and high volumetric efficiency. Electrolytic capacitors with high rated voltage (> 300 V), however, show large reduction of capacitance in high frequency regions, which is attributable to the long tunnel pit structure of anode foils. To demonstrate the effect of the structure, equivalent circuit simulations focusing on voltage transient phenomena concerning the tunnel pit length were performed. In addition, effective capacitance measurements under current pulse operation were carried out with prototype capacitors with different tunnel length. The test results demonstrated the feasibility of a new concept electrolytic capacitor for high frequency applications. The new concept can provide an advantage in helping in downsizing and increment of ripple current capability at high frequency. The performance of the proposed capacitors utilizing an anode foil with appropriate structure was evaluated. As a result of the high frequency ripple current operation tests, it was found that approximately 30% increase in ripple current capability at high frequency when the capacitor size is held constant, and approximately 25% reduction in capacitor volume when high-frequency capacitance and ripple current capability are held constant can be achieved.
Introduction
Next generation high performance semiconductor devices, using SiC and GaN as base materials, have the excellent properties of their low on-resistance, high-speed switching and high temperature operation [1] . Therefore, it is expected that the future spread of such devices will enhance the performance of the various power converters, and contribute to miniaturization [2, 3] . This is because lower on-resistance and high-speed switching can suppress the power loss, consequently cooling components such as cooling fans and heat sinks can be simplified, and downsizing of passive components such as capacitors and inductors can be achieved by increasing the frequency. In this context, further advances are required to passive components [4] , and there is a particular need for improvements in high-frequency response and efficiency during high-speed switching. Concerning the high-frequency characteristics of aluminum electrolytic capacitors, there are several problems caused by structure and characteristics of materials, such as anode foils, cathode foils, electrolytes, separators and so on. However, there exists only a few practical reports and experimental studies regarding the effect of material structure on high-frequency performance of aluminum electrolytic capacitors. In this study, the problems which caused by anode foil structure were investigated through transient response simulations using an equivalent circuit model, and experimental verifications were performed using laboratory prototypes. As a result, we obtained quite good predictions for the electrolytic capacitors with anode foil which has an appropriate structure, and confirmed superior performance at high frequencies. The proposed concept for the electrolytic capacitor structure allows high ripple current capability at high frequency and effective downsizing.
Problems of conventional aluminum electrolytic capacitors
Aluminum electrolytic capacitors have the advantage of high capacitance density, but show greater reduction in capacitance, higher ESR, and small ripple current capability at high frequencies. Fig. 1 shows the relationship between frequency and capacitance of a conventional snap-in type aluminum electrolytic capacitor with high rated voltage (105 °C, 420 Vdc, ΦD35×L50 size). It indicates that the capacitance is almost constant in the frequency range below 1 kHz, but it decreases significantly at 10 kHz and above. Accordingly, when setting a necessary capacitance in high frequency region in the circuit design for a power converter, an electrolytic capacitor having a large size must be selected. It significantly prevents from miniaturization and cost reduction of such a power converter [4, 5, 6] . There are two primary reasons why aluminum electrolytic capacitors show high ESR and large decline of capacitance in high frequency region. The one is because the tunnel-shaped pit structure of anode foil is unsuitable for the response to high frequency switching, and the other is because separator and electrolyte between two electrode foils, which behave as high composite resistance. 
Analysis and experimental verifications
In order to investigate into the phenomena occurring in high frequency region, transient response simulation using an equivalent circuit model for a tunnel pit was done.
Simulations

Equivalent circuit modeling
The main materials used in an aluminum electrolytic capacitor are aluminum electrode foils, a separator, and electrolyte. A capacitor element is formed by winding a set of anode foil and cathode foil into a cylindrical form with a separator inserted between them. Fig. 2 shows a cross-sectional image by scanning electron microscope (SEM) of an anode foil (foil thickness: approx. 120 μm) [7, 8] . It is generally known that capacitance of the electrolytic capacitor increases with the specific surface area of the electrodes. In case of general electrolytic capacitors with high rated voltage (> 300 V), to increase the effective surface area of the anode foil, numerous minute tunnel pits are formed by electrochemical etching at the both foil surfaces [7, 8] . These tunnel pits have high aspect ratio, with a diameter of approximately 1 μm and a length of approximately 55 μm. In addition, an Al2O3 film, which functions as a dielectric, is present on the inner wall of the etched tunnel pits, which is formed by anodization [9, 10] . Generally, the leakage current of an electrolytic capacitor becomes lower as the oxide film becomes thicker, thus the oxide film thickness is adjusted according to the voltage rating of electrolytic capacitor. Furthermore, the capacitor element formed in the winding process is immersed in electrolyte solution, and then the electrolyte penetrates deeply into the minute tunnel pits. Then, high capacitance can be obtained after sufficient impregnation of electrolyte. Since the tunnel pits have high aspect ratio, and have the Al2O3 film at the inside walls, a single tunnel pit can be represented in a cylindrical structure model as shown in Fig. 3 (a). (2), respectively. Where the resistance Rt and the capacitance Ct are the whole resistance and capacitance at the tunnel inside from the surface to the bottom side.
Where ρ is the electrical resistivity of the electrolyte, ri and ro are the inner and outer radius of the tunnel pit, respectively. L is the length of the tunnel pit, and ε is the permittivity of the dielectric film. Here ro (2) (1) -ri corresponds to the thickness of the dielectric Al2O3 film. Next, Fig. 3 (b) shows an equivalent circuit model taking into account the presence of a distributed constant circuit (RC ladder) in the direction of depth of the tunnel pit [11, 12] . Furthermore, Fig. 3 (c) shows the equivalent circuit model taking into account the presence of separator containing electrolyte solution, which is inserted between the anode foil and cathode foil. Thus, R0 corresponds to the composite resistance of the materials except for the electrode foils [11, 12] . Furthermore, in order to construct the reasonable equivalent circuit of electrolytic capacitor, which commonly used in various power converters, further detailed modeling was performed by calculating equivalent circuit constants accurately. These constants can be obtained by utilizing the measured values for the morphology of the anode foil and characteristics of the other materials, such as the tunnel pit length, the diameter of pit pore, the tunnel pit density, the thickness of dielectric film, the resistance of the separator and electrolyte, and so on. Particularly, the morphology data on the anode foil structure were obtained from the analytical observations utilizing the electron microscopy such as SEM and TEM. Since it is known that the capacitance reduction of the aluminum electrolytic capacitors in high frequency region becomes larger as the tunnel pit resistance (Rt) and the composite resistance of the separator and electrolyte (R0) increase. In this study, the influence of tunnel pit structures with high aspect ratio on high-frequency performance was investigated. To clarify the dependency of responsiveness at high frequency on the tunnel pit length, transient responses under high frequency current pulse operation were confirmed by SPICE simulations using the equivalent circuit model for a single tunnel pit. Fig. 4 shows the equivalent circuit used in the simulations and the current pulse load conditions. As described above, R0 corresponds to the composite resistance component caused by the separator containing electrolyte between the electrodes, while R1 to R9 represent the resistance components caused by the electrolyte resistance in the tunnel pit. In addition, C1 to C10 correspond to the capacitance components in the direction of tunnel pit, where C1 represents the capacitance at the shallowest part, and C10 represents the capacitance at the deepest part of the tunnel pit. Rt and Ct were calculated by substituting the morphology data on the tunnel pits into formulas (1) and (2) . In addition, the value for R0, corresponding to the composite resistance of the separator and electrolyte, was obtained using the equivalent series resistance (ESR) value measured at wide frequency range with an actual electrolytic capacitor. For the measurement, a screw-terminal electrolytic capacitor rated to 400 V and 2400 μF was used. The parameter values of all the elements in the equivalent circuit model were calculated by using the measured values, and it was found that R0 is 4.0 GΩ, R1 to R9 are 0.1 GΩ, and C1 to C10 are 2.48 fF (Fig. 4) .
Simulation results and discussion
Transient response simulations were carried out using the equivalent circuit shown in Fig. 4 . For the high-frequency current pulse operation, current pulse amplitude was set to 7 pA considering practical value, and the pulse width was varied among 1 μs, 10 μs, and 100 μs so as to confirm the frequency dependence of capacitor response. And then, the voltages of C1 to C10, which arrayed along the tunnel depth, were simulated. Fig. 5 (a) through (c) show the results of the transient response simulations. Fig.  5 (a) shows time variation of the voltage of C1 to C10 in the case of current pulse width of 1 μs. In comparison of voltage behavior among C1 to C10 during current pulse operation, an extremely large difference in the charging rate can be observed between C1 and C10. Furthermore, almost no rise in voltage is observed at C5 to C10, it reveals that the charging rate of capacitor elements located at the deep part of the tunnel is quite slow. Similarly, Fig. 5 (b) and (c) show the simulation results in the case of the current pulse width of 10 μs and 100 μs, respectively. In the case of 10 μs, although the responsiveness at the middle part and the deepest part is improved slightly, a large difference in charging rate is still observed between the surface part and the deep part. On the other hand, in the case of the pulse width of 100 μs, there is almost no difference in the charging rate at the whole region of the tunnel pit. In this case, the capacitor response to the current pulse operation is quite good. From these simulation results, it is clear that the deep area of the tunnel pit does not behave as the effective surface area at high frequency. This means that a longer tunnel length is not appropriate to high-frequency applications.
Prototyping and its evaluations
To verify the validity of the simulation results, prototype capacitors were assembled utilizing anode foils with different tunnel pit length and the current pulse operation test was performed.
Experimental methods
The anode foils were prepared using a high-purity aluminum foil with a thickness of 125 μm. The foils were immersed in an acidic aqueous solution, and an electrochemical etching by applying DC voltage was carried out to form numerous minute tunnel pits on both surfaces. In addition, anode foils with different tunnel length were produced by changing the etching conditions. Next, aluminum oxide film was formed on the surface of etched foil by anodizing at applied DC voltage of 650 V in aqueous solution of boric acid. Cross sections of these foil samples were observed using SEM to measure the average tunnel length and foil thickness. In addition, capacitance of the foil was measured with the sample having a projection area of 4 cm 2 , and applied sinusoidal voltage of 1 V at frequency of 120 Hz, by using a LCR meter while the sample coupon was immersed in aqueous solution of ammonium borate. Fig. 6 : Structure of simple electrolytic capacitor used for current pulse operation tests.
Using the anode foils prepared with different tunnel lengths, simple electrolytic capacitors with the structure as shown in Fig. 6 were assembled. And then, current pulse operation tests were carried out with the capacitors in order to investigate into the influence of the tunnel pit length on the high-frequency response. The capacitor samples were attached to the test circuit shown in Fig. 7 , and the voltage and the current during a single current pulse operation were measured. The pulse current width was set to 2000 μs, 200 μs, or 20 μs, and the variable resistance Rv was used for having a constant amount of charging electricity to the capacitor (Qp) at 4 μC. In addition, in case of duty ratio 50% as an example, the pulse widths of 2000 μs, 200 μs and 20 μs would correspond to frequencies of 250 Hz, 2.5 kHz, and 25 kHz, respectively. Fig. 8 shows a typical waveform for the voltage and the current measured with a prototype capacitor. The voltage increases almost linearly during current pulse operation, and it shows that the capacitor is charged with an amount of charge corresponding to high-frequency current pulse. And then, as the current pulse is cut off, a sudden voltage drop can be observed. It is caused by IR drop due to ESR of the electrolytic capacitor. Therefore, the voltage Vc, which is observed instantaneously after the cut-off of current pulse applying, can be considered to be the actual voltage excluding IR drop, and it corresponds to the amount of electricity charged at the electrolytic capacitor. The relationship between the effective capacitance and the actual voltage can be expressed by following the formula (3).
Where, Cp is the effective capacitance of the capacitor, Qp is the measured amount of electricity, Vc is the measured voltage except the voltage drop due to ESR. Table 1 shows the tunnel pit length, foil thickness, and foil capacitance of the prepared anode foils. Fig.  9 (a) and Fig. 9 (b) show the cross-sectional SEM image for the anode foils with an average tunnel length of 55 μm and 27 μm, respectively. From Table 1 , it is apparent that the foil capacitance of anode foil increases almost in proportion to the increase in the tunnel length. 10 shows the relationship between the frequency and the effective capacitance Cp measured in current pulse operation. From the test results, it is confirmed that capacitance with the tunnel length of 55 μm is larger than that with 27 μm tunnel length at low frequencies up to 25 kHz. On the other hands, there is no significant difference in capacitance at 250 kHz between the two capacitors in spite of difference in the tunnel length. In addition, the test results are in good agreement with the simulation results, and it indicates that when the tunnel pit length is excess, the deep part of the tunnel pit does not behave as the effective surface area at high frequency. Therefore, for high-frequency applications, it is desirable to implement the thin anode foils with the appropriate tunnel length.
(3)
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Measurement results and discussions
A new concept electrolytic capacitor
Since the shorter tunnel length is more suitable for the high frequency operation, it is possible to reduce the anode foil thickness to meet the tunnel length. The reduction of foil thickness has a merit to increase the winding length of the foil in the same capacitor housing size. That is, the design brings the higher effective capacitance at high frequency and the decrease in ESR due to larger contact area of separator to the foils. In addition, an electrolyte and a separator which are suitable for the proposed thin anode foil can be used. Based on the new concept utilizing the thin anode foil, the new electrolytic capacitors were designed and produced (105 °C, 400 Vdc, ΦD35×L50 size). Table 2 shows a comparison of characteristics with a conventional and the proposed capacitors. Fig. 11 shows the relationship between frequency and ESR for the capacitors. By using the thin anode foil which is 27 μm in tunnel length and 71 μm in thickness, quite low ESR can be achieved at high frequency above 1 kHz (Capacitor-2, 3). In order to evaluate the actual performance of the proposed capacitor, sinusoidal ripple current operations at 100 kHz were performed using Capacitor-1 and Capacitor-3. Fig. 12 shows the relationship between the applied ripple current, Ir and internal temperature rise, ΔT. As a result, when the same current is applied, internal temperature rise of the proposed capacitor is 15 % lower at 105 ˚C, and 40 % lower at 40 ˚C in comparison with the conventional one. It means that the electrolytic capacitor suitable for high-frequency power converter can be produced by applying the new concept proposed in this paper. When it is designed to be the same lifetime as the conventional, it is expected to have approximately 30% higher ripple current capability when the size is held constant, and have approximately 25% less volume when high-frequency capacitance and ripple current capability are held constant.
Conclusions
This paper proposed a new concept of the aluminum electrolytic capacitor suitable for high-frequency power converter. As a result of equivalent circuit modeling of the conventional anode foil and SPICE simulation on the transitional response at high frequency current operation, a structural problem in tunnel pits was made clear. The results also suggested that optimization of the tunnel pit length leads to the practical improvement in high-frequency response of electrolytic capacitor. As a result of ripple current operation with the proposed capacitor utilizing the advanced thin anode foil, it became clear that the ripple current capability can be increased when the capacitor size is held constant, and downsizing can be achieved when high-frequency capacitance and ripple current capability are held constant.
